Effects of Si on the repassivation kinetics and stress corrosion cracking ͑SCC͒ of alloy 304Si were examined by a scratch electrode technique and slow strain rate test in chloride solutions and compared with those of other stainless steels ͑SSs͒, 304 and 316L. Repassivation kinetics of these alloys and Fe-20Cr-xSi ͑x = 0-2͒ alloy were analyzed in terms of the current density, i͑t͒, flowing from the scratch as a function of the charge density, q͑t͒, that has flowed from the scratch. Passive film initially nucleated and grew according to the place exchange model, and then grew according to a high-field ion-conduction model in which log i͑t͒ has a linear relationship with 1/q͑t͒ with a slope of cBV. The repassivation rate of Fe-20Cr-xSi ͑x = 0-2͒ alloys, evaluated by the cBV value, increased with an increase in Si content. Furthermore, repassivation rate decreased on the order of 304Si, 316L, and 304. The resistance to SCC of the SSs ͑304Si, 304, and 316L͒ measured in 35 wt % MgCl 2 solution at 120°C was in good agreement with those predicted based on the repassivation kinetics. The beneficial effects of Si on SCC of 304Si SS appears to be associated with the enrichment of Si in the passive film.
Type 304 stainless steels ͑SSs͒ have traditionally been used as a material for hot water storage tank applications in Korea because of their good corrosion resistance, formability, and weldability. However, some stress corrosion cracking ͑SCC͒ incidents were reported in tanks made of 304 SS, even after a few months in operation. Subsequent investigation and research by Pohang Iron and Steel Co. ͑POSCO͒ steel led to the development of a new alloy named 304Si SS. Small amounts of Si, Cu, and W were added in the new alloy to improve its SCC resistance over conventional 304 SS. The published literature has shown that Si improves the localized corrosion resistance of the SSs by moving the pitting potential in the noble direction. [1] [2] [3] [4] [5] Osozawa and Engell 6 and Desestret and Wagner 7 prepared high-silicon-containing SSs ͑up to 4 wt %͒ for use in highly oxidizing environments and found that Si has substantially increased the resistance to pitting corrosion. According to Streicher, 4 the increase in the resistance to pitting corrosion of the Si-containing SS alloys is due primarily to the change produced at grain boundaries by Si; Si eliminated all grooving at grain boundaries. Rhodin 8 suggested that the positive effect produced by Si is due to the increased stability of the passive state, resulting from an increase in the Si content of the protective film. Thomasov et al. 9 found that Si decreased the corrosion rate simultaneously with a considerable increase in the pitting potential of the alloys. Other researchers reported that the addition of copper in ferritic, austenitic, and duplex SSs improves the resistance to uniform corrosion in sulfuric acid media. [10] [11] [12] Greene and Wilde 13 found that Cu excels among alloying elements in decreasing the critical current density, which is a criterion to assess the passivation tendency of the alloys. The researchers also reported that copper in steels can inhibit the harmfulness of soluble sulfide inclusions by producing insoluble Cu x S and hence, increase the resistance to the initiation and propagation of pitting corrosion. 14, 15 Tungsten ͑a cheap replacement of Mo͒ has been shown to extend the passive potential range and reduce the passive current density. 16 Recent studies 17, 18 revealed that a partial substitution of W for Mo in 22Cr or 25Cr duplex SSs not only increased the resistance to localized corrosion of the alloys by a synergic contribution of Mo and W but also reduced the formation rate of sigma phase in the alloys.
Although the positive effects of Si on localized corrosion resistance are widely reported, it is not yet clear how Si affects the repassivation kinetics and SCC behavior of SSs. The objective of the present work is to investigate the effects of Si on the repassivation kinetics and SCC behavior of the new alloy ͑304Si SS͒.
Experimental
Three different SS alloys used in this study were provided in 1.5 mm cold-rolled sheets by POSCO, and their chemical compositions are presented in Table I . The cold-rolled sheets were solution annealed ͑1050°C for 30 min͒, subsequently water quenched, and cut to specimens. The specimens were polished to 2000 grit emery paper and then ultrasonically cleaned with distilled water prior to electrochemical tests. A three-electrode cell composed of a specimen as a working electrode, a Pt counter electrode, and a saturated calomel reference electrode ͑SCE͒ used for the tests. The specimens were cathodically cleaned for 5 min at −0.8 V SCE to remove an airformed oxide film before any electrochemical test was carried out. Polarization tests for the specimens were carried out at a scan rate of 0.5 mV/s in 80°C deaerated 0.5 M NaCl solution purged with nitrogen. Specimens with an exposed surface area of 0.16 cm 2 were used as a working electrode.
An electrochemical cell was devised to measure the repassivation current on the rapidly scratched surface of the alloys using a scratch electrode technique. In order to rupture the passive film by making a scratch, an alumina tip loaded on a spring was pulled up rapidly on the surface of a specimen by an air pressure cylinder connected to a solenoid valve. The details of the experimental setup were reported elsewhere. 19 The rupture of passive film by scratching was performed under a potentiostatic condition after a stable passive film was formed at −0.2 V SCE . Current flow during scratching and after scratching was measured every millisecond.
SCC tests were carried out using a slow strain rate tester ͑SSRT͒ at a strain rate of 2.05 ϫ 10 −6 /s. Tensile specimens for SSRT were prepared with a 20 mm gauge length of area ͑1.5 ϫ 2.5 mm͒. The specimens were surface finished to 1200 grit emery paper and ultrasonically cleaned in acetone. Load was applied to the specimen after a stable corrosion potential had been achieved. All 
Results and Discussion
Influences of Si on cyclic polarization response.- Figure 1 shows cyclic polarization responses of 304Si SS and 304 SS, respectively, in deaerated 0.5 M NaCl solution at 80°C. The results showed that the addition of Si in 304Si SS improved the resistance to localized corrosion when compared with 304 SS alloy. Cyclic polarization tests for alloy 316L were also conducted, and results showed that 316L has the highest pitting potential ͑E pit ͒ among all the alloys, followed by 304Si and then 304 SS alloys. The E pit values were compared with the pitting resistance equivalent ͑PRE͒ values of the three alloys ͑PRE = %Cr + 3.3͑% Mo + 1/2% W͒ + 16% N͒. PRE is a criterion for estimating the pitting resistance of SSs in a chloride solution, 20, 21 and calculated PRE values for 316L, 304Si, and 304 SSs were 25.26, 20.125, and 19.48, respectively. These PRE values are in good agreement with the E pit values, i.e., 316L Ͼ 304Si Ͼ 304 on the order of E pit . The addition of 1.5 wt % Si in 304Si SS alloy increased its E pit value by 150 mV as compared with that of 304 SS, and this result is in good agreement with the previous results reported by Tomashov and others, [10] [11] [12] [13] confirming the increase in the resistance to localized corrosion of SSs by the addition of Si.
Repassivation kinetics.-Because SCC of SS is an extreme case of localized corrosion, Si added to SS may affect SCC behavior and hence, repassivation kinetics, which is closely associated with the resistance to SCC. In this work, the effects of Si on the repassivation kinetics of the 304Si SS were investigated using a scratch electrode technique, and the results were compared with those of the other alloys, 316L, 304. Figure 2a shows the current transient curve of 304Si SS alloy when a scratch was made on the surface of the alloy polarized to a passive potential of −0.2 V SCE for 30 min in deaerated 0.5 M NaCl solution at 80°C. At −0.2 V SCE , all the alloys exhibited a stable passive behavior. Once the passive film was broken by scratching, anodic current density flowing from the scratch increased abruptly to a peak value due to an anodic oxidation reaction occurring on the bare surface of the alloy, thereafter decreasing as repassivation occurs.
Repassivation is a film-reforming process on the broken surface film, and hence, its kinetics has been considered to be a critical factor in determining SCC susceptibility of an alloy. 22, 23 Repassivation kinetics can be analyzed by the relation between current flow from the scratch, i͑t͒, and charge density that has been flowed from the scratch, q͑t͒. Kwon et al. 19, [24] [25] [26] demonstrated that repassivation on Fe-Cr SSs occurs by two kinetically different processes ͑stage I and stage II͒. During stage I, passive film initially nucleated and grew according to the place exchange model 27 in which log i͑t͒ is linearly proportional to charge density q͑t͒, and then at stage II, it grew according to the high-field ion-conduction model 28 in which log i͑t͒ is linearly proportional to 1/q͑t͒. The anodic current flowing from the scratched surface during repassivation is mostly consumed to form a passive film, as long as metal dissolution does not become dominant by pitting corrosion or general corrosion. 29 In that case, the charge density q͑t͒ that has flowed from the scratch during repassivation has the following relationship with film thickness h͑t͒
where z is the number of electrons transferred for an ion, F is the Faraday constant, is the film density, and M is the molecular mass of the film. Based on the high-field ion-conduction model, 28 passive film grows by the transport of metal ion across the film toward the film/electrolyte interface under a high electric field of a few megavolts per centimeter and hence, the ion conduction rate through the passive film during repassivation is expressed by Eq. 2
where A and B are parameters associated with the activation energy for mobile ion migration, and V is the potential drop across the film with thickness of h͑t͒. Combining Eq. 1 and 2 yields Eq. 3, where logarithms of anodic current density i͑t͒ are inversely proportional to charge density q͑t͒
where c = zF/2.3M ͓3͔
Using the data in Fig. 2a , log i͑t͒ vs q͑t͒ and log i͑t͒ vs i/q͑t͒ plots were drawn in Fig. 2b and c. These plots show that at the initial stage of repassivation, log i͑t͒ is linearly proportional to q͑t͒ according to the place exchange model and then deviates from the linearity after 10 ms. Thereafter, as shown in Fig. 2c , at stage II log i͑t͒ has a linear relationship with 1/q͑t͒ according to Eq. 3 derived based on the high-field ion-conduction model, as shown in Fig. 2c . After 100 ms ͑stage III͒, the anodic current density i͑t͒ scattered over a small range of current density with a little increase in the charge density q͑t͒ due to reaching a steady state. The transition of the film growth mechanism from the place exchange model to the high-field ion-conduction model appears to occur because the activation energy for the place exchange process of M-O pairs increases as the film grows and then reaches the value beyond which the place exchange process of M-O pairs cannot occur. Kwon et al. 19 demonstrated that cBV, the slope in the log i͑t͒ vs 1/q͑t͒ plot at stage II, is a quantitative measure of repassivation rate of passive film and is closely associated with the susceptibility to SCC of SSs in a chloride solution. The lower the value of cBV for a given alloy/environment system, the faster will be the repassivation rate of the alloy through formation of a thinner and more protective film, thereby exhibiting less susceptibility to SCC. Furthermore, cBV was found to be a function of alloy composition, applied potential, solution temperature, and chloride concentration. 19, 24, 25 Figure 3a shows the current-time transients of the alloys ͑304Si, 304, 316L͒ when a scratch was made on the surface of the alloys after a stable passive film had been formed at −0.2 V SCE . It was found that 304Si SS has the lowest peak current intensity among the alloys, confirming that the addition of Si decreased the oxidation tendency of 304 Si SS. The repassivation rate of an alloy can be compared by the repassivation time that has been passed to achieve the predetermined degree of repassivation from scratching. 19 The shorter the repassivation time, the faster will be the repassivation rate of the alloy. In Fig. 3a , it took a shorter time for 304Si SS to be repassivated to a predetermined degree of repassivation ͑i r ͒. Figure  3b shows the comparison of the cBV values of the three alloys, and it is clear that 304Si SS has the lowest cBV value when compared with other two alloys ͑316L, 304͒, which means that Si increases the repassivation rate of 304Si SS with formation of thinner and less protective passive film, and this will ultimately lead to higher SCC resistance of 304Si SS alloy than any other alloy. Thus, SCC resistance of the alloys can be predicted in terms of the repassivation rate determined by the cBV value, on the order of 304 Si Ͼ 304 Х 316L. This will be confirmed shortly by SSRT tests.
Effects of Si and Cu on the repassivation kinetics.-As 304Si SS
has various alloying elements such as Ni, Mo, Cr, Si, and Cu, the independent effects of Si on the repassivation kinetics cannot be examined. The published literature 16, [24] [25] [26] showed the effects of other alloying elements like Ni, Mo, and Cr on the repassivation kinetics, but the effects of Si on the repassivation kinetics are rarely reported. To examine the independent effects of Si on the repassivation kinetics of Fe-20Cr SS, Fe-20Cr-xSi ͑x = 0, 1, 2͒ alloys were prepared by vacuum-arc melting. The cast was homogenized for 120 min at 1200°C and then hot-rolled into a 3.2 mm thick plate. Specimens were prepared by cold rolling the hot-rolled plates into 1.8 mm thick sheets and then solution annealing for 1150°C, followed by water quenching.
Repassivation kinetics was then measured by the scratch electrode test after a stable passive film had been formed on Fe-20Cr-xSi alloys at 0.2 V SCE in 0.1 M NaCl solution. Figure 4a shows the typical current transient curves for Fe-20Cr-xSi ͑x = 0, 1, 2͒ when a scratch was made on the surface of the alloys at Figure 4b shows the log i͑t͒ vs 1/q͑t͒ plots drawn on the basis of data in Fig. 4a , and the results showed that initially ͑stage I͒ log i͑t͒ is linearly proportional to q͑t͒, while at stage II log i͑t͒ has a linear relationship with 1/q͑t͒. So as reported for other SSs, 19 the repassivation of the Fe-20Cr-xSi ͑x = 0, 1, 2͒ also followed two kinetically different processes: passive film initially nucleated and grew according to place exchange model 27 and then later grew according to the high field ion conduction model. 28 Figure 4b shows that the cBV value was decreased with an increase in Si content of the Fe-20Cr-xSi ͑x = 0, 1, 2͒ alloys, so as stated before, a decrease in cBV means an increase in repassivation rate and hence, leads to decreased SCC susceptibility.
The independent effects of Cu on the repassivation kinetics of Fe-20Cr-xCu ͑x = 0, 2, 4͒ SSs were also investigated. The results in Fig. 5 showed that copper decreased the repassivation rate of the alloys when evaluated in terms of the cBV value and hence, would increase the SCC susceptibility of SSs. Thus, these results confirmed our previous findings, that is, the addition of Si in 304Si SS was responsible for the increase in repassivation rate of 304Si SS.
SSRT testing.-Influences of solution temperature and chloride concentration on the SCC susceptibility of 304Si SS along with other alloys were examined by SSRT under open-circuit condition. The results obtained by SSRT were correlated with those predicted by the cBV model derived from the repassivation kinetics. SSRT experiments were carried out in solutions with high chloride concentrations ͑25-35 wt % MgCl 2 ͒ and at different temperatures ͑80-120͒°C. The first set of experiments was conducted at 80°C in 25 wt % MgCl 2 solution. SCC did not occur on all the alloys under this condition, as confirmed by an appreciable elongation more than 50% in the load-elongation curves. SEM micrographs of the fractured samples revealed a dimple rupture, typical of ductile failure, confirming again that all the alloys failed in a ductile manner.
To find out an optimum testing condition for SCC to occur in these SSs, 2nd and 3rd series of SCC experiments were conducted in ͑25-35 wt % MgCl 2 ͒ at 100 and 120°C, respectively. When SSRT tests were performed on the alloys in 25 wt % MgCl 2 at 110°C, elongation of the alloys was significantly decreased but still more than 40% prior to failure, confirming that none of the alloys failed by SCC. Figure 6a shows the load-elongation curves for the alloys when SSRT tests were conducted in 35 wt % MgCl 2 at 120°C. Elongation for all the alloys was significantly decreased on the order 304Si Ͼ 316L Ͼ 304. SEM fractographs show that 304 SS was fractured in a quasi-cleavage mode, a typical SCC fracture morphology of SS in a chloride solution ͑Fig. 6b͒, whereas 304Si failed in a ductile mode. 316L, however, failed by ductile fracture mode, partially mixed with quasi cleavage. Thus, the resistance to SCC of the alloys, when evaluated by the elongation prior to failure in the SSRT tests, is on the order of 304Si Ͼ 316 Ͼ 304. These SSRT results are in good agreement with those predicted by the cBV model. This confirms that the repassivation rate is a critical factor in determining the resistance to SCC of SSs in a chloride solution. The increase in resistance to SCC of 304Si SS is due primarily to the increase in repassivation rate of this alloy by Si addition. Table II shows the comparison of SCC susceptibility for these alloys on the basis of three parameters: time to failure ͑TTF͒, ultimate tensile strength ͑UTS͒, percent elongation and fracture mode at 80 and 120°C. The results showed that as the chloride concentration and solution temperature increased, and TTF, UTS, and percent elongation decreased drastically, confirming the increase in SCC susceptibility. The susceptibility of the alloys was verified further by examining the fracture morphology of the failed specimens.
From Fig. 3-6 , it is clear that the repassivation kinetics of 304Si SS is similar to those confirmed for other austenitic or ferritic SSs. 19, 24 The growth of the passive film on 304Si SS during repassivation followed the same mechanisms applied to other austenitic and ferritic SSs. Cho et al. 25 examined the effects of alloying element on the repassivation kinetics of ferritic SSs and found that the repassivation rate increases with increasing contents of Cr and Mo. For 18Cr-8Ni austenitic SSs, repassivation rate was increased with nitrogen content. 30 In this study, the addition of Si in 304Si SS decreased the cBV value, i.e., increased the repassivation rate and hence, decreased the SCC susceptibility. Figure 7a shows the potentiodynamic polarization curves for 304Si and 304 in pH 8.5 borate buffer solution at a scan rate of 0.5 mV/s. Evidently, the polarization responses of the two alloys are quite similar in the solution without chloride ion. To analyze the effects of (a) Figure 6 . ͑Color online͒ ͑a͒ Load elongation curves of the alloys in 35 wt % MgCl 2 at 120°C by SSRT and ͑b͒ SEM fractographs of the fractured samples at 120°C showing ductile fracture in 304Si, quasi-cleavage fracture in 304, and a ductile partially mixed with quasi cleavage in 316L. Si on the composition of passive film on 304Si SS, passive film was formed for 24 h in pH 8.5 borate buffer solution at room temperature. Figure 7b shows X-ray photoelectron spectroscopy ͑XPS͒ analysis in depth for the passive film on 304Si SS. Evidently, Fe was significantly depleted in the passive film with the lowest concentration at the surface due to the preferential dissolution. In contrast, Cr is enriched to twice that of the alloy with the maximum content at the subsurface ͑ϳ2 nm in depth͒ of the film, which has been the well-known phenomena in Fe-Cr or Fe-Cr-Ni SSs. It is significant that Si is heavily enriched at the outer layer of the passive film. None of the other elements like Cu or W was found in the passive film. Thus, the passive film on 304Si SS can be regarded as a ͑Cr, Si͒-enriched oxide and/or hydroxide layer. Thus, it is clear that Si enriched in the passive film made the passive film more stable and protective to localized and stress corrosion by increasing the repassivation rate of 304Si SS.
X-ray photoelectron spectroscopy analysis of the passive film.-

Conclusions
1. Si in 304Si SS improved the resistance to localized corrosion, as confirmed by the higher pitting potential compared with that of 304 SS.
2. Repassivation kinetics of 304Si SS was similar to that of other austenitic and ferritic SSs; passive film initially nucleated according to the place exchange model and then grew according to the highfield ion conduction model in which log i͑t͒ has a linear relationship with 1/q͑t͒ with a slope of cBV. The value of cBV decreased with an increase in Si content in the alloys ͑304Si, Fe-20Cr-xSi͒, which suggests that Si in 304Si SS alloy increases its repassivation rate and hence, the SCC susceptibility is expected to decrease with Si content. The repassivation rate decreased on the order of 304Si, 316, and 304.
3. For Fe-20Cr-xCu SSs ͑x = 0 − 2͒, the repassivation rate decreased with Cu content when evaluated by the cBV value.
4. SSRT tests performed in 35 wt % MgCl 2 solution at 120°C showed that 304Si SS has the highest resistance to SCC among the alloys, including 316L and 304 SSs. These results are in full agreement with those predicted by the cBV model derived based on repassivation kinetics.
5. It was clearly demonstrated from the XPS analysis of the passive films formed on 304Si alloy in pH 8.5 borate buffer solution that Si is significantly enriched in the passive film of 304 Si SS, confirming the passive film on 304Si SS to be a ͑Cr, Si͒-enriched iron oxide. It appears that the increase in repassivation rate and hence, the decrease in SCC susceptibility of 304Si SSs, are associated with the enrichment of Si in the passive film.
